In both plants and animals, the nucleus acts as an organizing center for the changes that occur 27 during an organism's life cycle, whether as part of a developmental program or in response to 28 environmental factors. Here, we cover recent research that explores roles of the nucleus other 29 than gene expression in light response, fertilization, plant-pathogen interactions, bacterial 30 symbiotic events, and hormone signaling. New strides have been made in understanding sub-31 nuclear organization, how nuclear organization responds to different environments and 32 developmental stages, and how the cytoplasm-nucleoplasm connections are made that allow 33 these responses. We further highlight new tools that have been developed to study dynamic 34 changes in nuclear organization. 35 36 Introduction 37 38 The nucleus is compartmentalized by a double membrane called the nuclear envelope (NE), 39 which consists of the outer nuclear membrane (ONM), the inner nuclear membrane (INM), and 40 the embedded nuclear pore complexes (NPCs). The NPC is the primary pathway of 41 macromolecular transport between the nucleus and the cytoplasm and is conserved throughout 42 eukaryotes. The ONM and INM are populated by a variety of membrane-associated proteins and 43 in particular the inner membrane hosts a specific subset of proteins (Starr and Fridolfsson, 2010; 44 Meier et al., 2017). In addition to functioning in nuclear morphology, chromatin attachment, and 45 likely signal transduction, plant NE-associated proteins are involved in nuclear positioning and 46 movement within the larger cellular context (Griffis et al., 2014). While plant nuclear 47 ultrastructure reveals an inner nuclear membrane-associated meshwork similar to the animal 48 lamina, plant genomes do not encode obvious lamin homologs. Instead, plant specific long 49 coiled-coil proteins with structural similarity to animal lamins might contribute to this 50 meshwork. Plants also lack centrosomes, and the NE plays a role as the microtubule-organizing 51 center at the onset of mitosis. NE proteins functioning as calcium channels are also involved in 52 perinuclear calcium oscillations, which are an important step in the establishment of plant-53 symbiont interactions (Recently reviewed in Meier et al., 2017). 54 55
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through the plasma membrane. The similarity of JA-Ile nuclear import to that of calcium 151 (Charpentier et al., 2016) comes to mind, with the difference that JA-Ile is synthesized in the 152 cytoplasm and not stored for release in the endoplasmic reticulum (ER) lumen. Given the 153 topology of the nuclear envelope as a double membrane system contiguous with the ER, the role 154 of membrane-spanning transporters in this process is somewhat enigmatic. The model proposes 155 that the hormone-transporter complex enters the nucleus through the aqueous phase of the 156 nuclear pore instead (Figure 1 ). Clearly, more future work is needed to dissect this interesting 157 process and to distinguish transmembrane transport of JA-Ile from karyopherin-mediated nuclear 158 import. conserved and highly specialized plant LINC complexes resembles the situation in animals and 174 might help to shed light on the specific functions of the individual complexes (Zhou et al., 2014) . 175
176
One currently understudied aspect of plant LINC complex biology is assessing whether they 177 have an influence on chromatin association with the nuclear periphery and subsequent regulation 178 of gene expression. Towards that goal, Poulet et al. (2017a) have developed a 3D imaging 179 protocol to query a number of aspects of nuclear and chromatin organization in Arabidopsis 180 mutants of LINC complex components and related proteins. They found that chromocenters were 181 preferentially associated with the nuclear periphery, but that this association and chromocenter 182 compaction were changed in some mutants. Interestingly, transcriptional repression of 183 heterochromatic repeats sequences was alleviated in some LINC mutants, suggesting that the 184 Arabidopsis nuclear periphery is indeed involved in regulatory chromatin compaction (Poulet et 185 al., 2017a) . 186 187 Gene redundancy occurs in Arabidopsis LINC complexes like in many other gene families. Zhou 188 et al. (2015c) probed into the potential redundancy within WIP, WIT, and SUN gene families in 189 relationship to nuclear movement in root hairs and the nuclear morphology of leaf epidermal 190 cells. They found that WIT2, but not WIT1, is essential for nuclear shape determination, and that 191 SUN1 is more important for this process than SUN2. The nuclear morphology changes are 192 independent of the plant lamin-like protein CRWN1 (Figure 1 3 are located at the NE and interact preferentially with SUN2 (Figure 1 ). NEAP1 and NEAP2 201 display protein mobility comparable to NE-embedded proteins such as the SUNs, while NEAP3 202 is more mobile (Pawar et al., 2016) . NEAPs have not yet been thoroughly investigated in terms 203 of biological roles, but first hints come from the study of a neap1 neap3 double mutant, which 204 displays reduced primary root growth, altered nuclear organization and nuclear morphology, and 205 reduced heterochromatin formation. A novel putative interactor of NEAP1 was identified as the 206 transcription factor bZIP18. 2013). CRWNs have been implicated to be determinants of nuclear shape, as crwn mutants have 214 small, spherical nuclei in several cell types, including leaf epidermal cells and trichomes 215 (Dittmer et al., 2007; Sakamoto and Takagi, 2013; Wang et al., 2013) . CRWNs also play a role 216 in nuclear organization, as crwn4 mutants display aberrant chromocenter distribution (Wang et 217 al., 2013) . Because animal nuclear lamins interact with both SUN proteins and nucleoplasmic 218 factors (Gruenbaum and Foisner, 2015) , a yeast-two-hybrid screen was performed with carrot 219 12 NMCP1. Putative interactors include actin related protein 7 (ARP7), SINAT1, MYB3, and BES-220 interacting MYC-like1 (BIM1) (Mochizuki et al., 2017) . All four NMCP1 interactors are 221 localized to the nucleus, with SINAT1 localized to the cytoplasm as well. It will now be 222 interesting to identify the biological role of these proteins in connection with known CRWN 223 functions. 224
225
Further evidence for the connection of nuclear periphery and chromatin organization come from 226 the study of the NE associated GCP3-interacting proteins GIP1 and GIP2. They are required for 227 γ-tubulin complex protein localization, spindle integrity, and chromosomal stability 228 (Batzenschlager et al., 2013) . gip1 gip2 null mutants display centromere cohesion defects, 229
including increased distance between homologous chromosomes (Batzenschlager et al., 2015) . 230
Additionally, gip1 gip2 mutants have an increase in the number of chromocenters, also observed 231 in mutants of the epigenetic regulator mgo3, as well as the double mutant gip1 mgo3 232 (Batzenschlager et al., 2017) . The organization of the nucleus, as well as the folding and packaging of the genome into higher-251 order structures, likely contributes to the regulation of eukaryotic gene expression, but the 252 process by which this occurs is unclear (Even-Faitelson et al., 2016) . Through the study of 253 tandem repeat sequences and chromocenters in mammalian and plant cells, important insights 254 into the relationship between chromatin movement and gene regulation have been gained 255 (Dittmer et al., 2007; Wang et al., 2013; Bonev and Cavalli, 2016; Nikumbh and Pfeifer, 2017) . 256
In D. melanogaster, chromatin mobility is important for interacting with distinct nuclear 257 compartments during differentiation (Thakar and Csink, 2005) . Furthermore, altering nuclear 258 morphology changes chromatin organization and disrupts genome function (Lanctôt et al., 2007; 259 Ramdas and Shivashankar, 2015; Smith et al., 2015) . 260 261 Association of chromatin with lamin proteins and NE transmembrane proteins may serve to 262 tether genes to the nuclear periphery and act as a determinant of genome organization (Lanctôt et 263 al., 2007; Ramdas and Shivashankar, 2015) . In mammals, the association of genes with NE 264 proteins causes repression, while those genes found in the interior of the nucleus are actively 265 preferentially associated with the nuclear periphery. Pericentromeric chromatin was enriched at 289 the periphery, particularly highly methylated transposable element genes and pseudogenes, while 290 distal chromosome arms were depleted at the nuclear periphery (Bi et al., 2017) . 291 292 It would be interesting to further investigate if photomorphogenesis-triggered nuclear 293 reorganization is required for the transcriptional regulation of all light-inducible genes, how this 294 movement occurs, and why this repositioning is needed. These studies begin to elucidate nuclear 295 architectural dynamics and their role in gene expression but the mechanism by which the nucleus 296 is sensing and responding to changes in light conditions remains to be elucidated. 297
298
Nucleolar Organizing Regions 299
The nucleolus is well-known for its role in ribosomal RNA (rRNA) gene expression and 300 ribosome biogenesis (McStay and Grummt, 2008) . Nucleoli are formed around specific regions 301 within distinct chromosomes that contain multiple copies of rRNA genes known as nucleolus 302 organizing regions (NORs). In mammals, active rRNA genes are located within fibrillar centers 303 and inactive genes are outside these areas. The mammalian nucleolar shell consists of a dense 304 chromatin network of nucleolus-associated chromatin domains (NADs), which contain inactive 305 chromosomal regions composed of specific satellite repeats, in addition to the NORs (Németh et 306 al., 2010) . plant NADs consist of both transcriptionally active (rRNA genes and the adjacent short arm of 313 chromosome 4 or NOR4) and silent genes (transposable elements, pseudogenes, and tRNA 314 genes). Plants contain two NORs: NOR4 associates with the nucleolus and is actively 315 transcribed, whereas its counterpart on the short arm of chromosome 2, NOR2, is inactive and is 316 excluded from the nucleolus (Figure 1) . 317
318
In null mutants for the nucleolar protein Nucleolin 1 (nuc1), NOR2 becomes associated with the 319 nucleolus. Subsequently, there is a severe decrease in expression of NOR4 NAD genes and an 320 increase in NOR2 NAD-gene expression. nuc1 mutants also display increased heterochromatin 321 foci within the nucleoli. These data suggest a link between nucleolar association and gene 322 activity as well as a role for NUC1 in heterochromatin distribution. Interestingly, this NUC1 role 323 appears to oppose the action of the Drosophila Nucleolin homolog, Modullo, which is required 324 for centromere sequestration at the nucleolus periphery (Padeken et al., 2013) . NUC1 also plays 325 a role in the localization of FIB2, a nucleolar protein located in fibrillary centers within the 326 nucleolus and involved in methylation of rRNA precursors (Picart and Pontvianne, 2017) . This 327 suggests a correlation between ribosome biogenesis and genome organization within the 328 nucleolus. 329 330 Further work detailing the function of NORs in Arabidopsis utilized the atxr5 atxr6 (trithorax-331 related proteins 5 and 6) double mutant, renamed here altered subtype content 1 (ASC1) because 332 it caused the replacement of NOR4 with NOR2, resulting in two NOR2 regions (Mohannath et 333 al., 2016) . Interestingly, this resulted in activation of the usually silenced NOR2-derived rRNA 334 genes. These results indicate that rRNA gene silencing is a result of gene position, not sequence 335 variations. Although it has been shown that NOR4 associates with the nucleolus and NOR2 does 336 not, the subnuclear location of the altered NORs in ASC1 were not determined. It would be 337 worthwhile to examine the position of the ASC1 NORs within the nucleus to examine any 338 correlation between the change in gene expression with a possible relocation to the nucleolus. 339
This would add clarity to our understanding of how gene regulation occurs, whether expression 340 is effected more by the chromatin location within the nucleus (i.e. spatial location) or the role of 341 individual gene positioning within a given chromatin (i.e. nearby elements within the chromatin 342 itself). 343
344
Together, these studies imply that the position of NORs relative to the nucleolus might directly 345 regulate gene expression, with nucleolus-association enhancing gene activity. Adding to the 346 findings on chromatin association with the nuclear periphery, these data point at another 347 important subnuclear location which may act to regulating gene expression. were analyzed using multicolor FISH during chemical mutagen-induced micronuclei formation. 376
The authors found two unique rRNA genes on distinct chromosomes, allowing for identification 377 of these specific chromosomes and adding to general chromosomal markers (i.e. telomeric, 378 centromeric, and interstitial sites). The authors were able to use these markers to analyze 379 chromosome and chromosome fragment involvement in micronuclei formation for the first time 380
in Brachypodium, and similarly to other species, chromosomal aberrations are not random (Kus 381 et al., 2017) . In the rhd3 mutant, which develops wavy collet hairs, the nucleus is decoupled from tip growth. 460
Additional evidence indicating that RHD3 may be involved in vesicle trafficking (Schiefelbein 461 and Somerville, 1990; Galway et al., 1997; Wang et al., 1997) suggests that this latter process 462 may be involved in maintaining nuclear tip distance in collet hairs. Furthermore, nuclear shape 463 and endoreduplication level also varied widely in rhd3, with a mixture of round nuclei with 464 fewer genome copies and elongated nuclei with more genome copies (Sliwinska et al., 2015) . 465 466
Conclusions and Perspectives 467 468
The connection between the dynamic 3-dimensional organization of the nuclear interior and the 469 regulation of gene expression is a rapidly expanding field in many eukaryotic model systems. and digestion with specific restriction enzymes (see Figure) . Subsequently, these fragments are ligated into either linear or circular DNA molecules that contain two natively interacting chromosomal regions, with the frequency of recombination correlating to the interacting frequency of the two ligated regions. This way, potentially interacting DNA regions can be identified.
There are many 3C-derivative methods, including (1) the original 3C for detection of two specific interacting fragments, also known as the one-to-one approach;
(2) circular chromosome conformation capture (4C) to identify all interacting partners of a given chromosomal regions, also known as the one-to-all approach;
(3) chromosome conformation capture carbon copy (5C) to investigate overall chromosomal architecture in a many-to-many approach; and (4) Figure Box 2 
